ABSTRACT: Twenty Simmental × Angus, halfsibling, postpubertal heifers (initial BW of 443 ± 9 kg) were allotted randomly into 2 treatment groups to evaluate if initial BCS affects response of the hypothalamic-pituitary-ovarian axis to metabolic signals elicited by energy restriction and repletion. During a preliminary feeding period, diets were formulated so that each heifer in the designated treatment would reach a BCS of 5 (moderate condition; MOD) or a BCS of 7 (heavy condition; FAT). Once each heifer had reached desired BCS, diets were formulated to supply 30% of NE m requirements until each heifer became anestrous (serum concentrations of progesterone < 1 ng/mL; restriction period). Blood collections took place on d 1 of each period, on d 43 of energy restriction and d 44 of energy repletion, and when heifers were confirmed to recommence estrous cycles. When heifers were cycling, their estrous cycles were synchronized to ensure hormone sampling occurred during late diestrus or early proestrus. Energy restriction resulted in decreased concentrations of LH (FAT, P = 0.02; MOD, P < 0.001), IGF-1 (FAT, P < 0.001; MOD, P = 0.003), and insulin (P < 0.001); in contrast, concentrations of GH (P < 0.001) and plasma urea nitrogen (P < 0.001) increased. During repletion, LH concentration increased (P = 0.03) in MOD condition heifers but was still less (P = 0.002) than d 1 of restriction, whereas LH concentration tended to increase in FAT heifers (P = 0.06) until it was similar (P = 0.40) to d 1 of restriction. Repletion also increased concentrations of IGF-1 (P < 0.001), insulin (P < 0.001), and glucose (P < 0.001), whereas concentrations of GH (P < 0.001), NEFA (P < 0.001), and plasma urea nitrogen (P < 0.001) decreased. For both treatments, concentrations of GH after repletion were similar (FAT, P = 0.88; MOD, P = 0.10) to those on d 1 of restriction. After repletion, FAT condition heifers had decreased concentrations of IGF-1 (P < 0.001), insulin (P < 0.05), and glucose (P < 0.001), but greater concentrations of acetate (P < 0.01) and butyrate (P < 0.05), than MOD heifers. Anestrus or resumption of estrous cycles seems to be activated gradually in response to dietary manipulation, unrelated to certain metabolite changes.
INTRODUCTION
Reproductive disease and inefficiency is the largest source of income loss for US beef cattle producers (Bellows et al., 2002) , and feed cost is the largest issue affecting profitability in commercial beef cattle in the United States (Miller et al., 2001) . When cattle are in acceptable body condition given their stage of production, dietary nutrients are partitioned into maintenance, support of physiological functions, and the increase of body fat reserves (Bauman and Currie, 1980; Short and Adams, 1988) . When diet nutrients are unable to meet basal requirements, or when animals are in poor body condition, thus requiring increased nutrient partitioning into growth and body reserves, reproduction can be compromised. Compromised reproduction is commonly exhibited through elongation of the postpartum interval or, in cyclic animals, entry into an anestrous state. Specific reasons for this compromised reproductive performance may be a result of physiological alterations in function of 1 or more of the key secretive organs (hypothalamus, pituitary, or ovary). Catabolic hormones responsible for the mobilization of body reserves have been associated with mechanisms leading to cessation of reproductive function (McCann and Hansel, 1986; Schillo, 1992; Ljokjel et al., 1995; Thatcher et al., 1996; Butler, 1997, 1998) . Others have indicated the loss of BW or body condition in the form of fat may also send signals to the hypothalamus and pituitary that cause a cessation of reproductive function (Thomas et al., 1997; Yu et al., 1997; Spicer, 1998) . These signals may decrease reproductive function through reduced synthesis or secretion of reproductive hormones. It is unlikely that a single mechanism is responsible for the cessation of the reproductive system in nutrient-deprived animals; that is, the link between the metabolic and reproductive systems is likely comprised of several factors. Therefore, the objectives of this study were to evaluate and describe 1) the effects of body condition on hormonal and metabolic profiles and 2) how dietary energy restriction and repletion can influence changes in reproductive, hormonal, and metabolic status.
MATERIALS AND METHODS
This experiment was conducted at the St. Paul Beef Cattle Teaching and Research facility. All procedures were approved by the Institutional Animal Care Committee of the University of Minnesota.
Twenty yearling, half-sibling, postpubertal Simmental × Angus heifers (initial BW = 443 ± 9 kg) were received and managed to maintain BW and BCS (Herd and Sprott, 1986) for 21 d pretrial. After this period, heifers were fed so that the average BCS in each of the 2 treatments would reach 5.0 (MOD; all heifers except 2 were BCS 5; 1 was BCS 4 and 1 was BCS 6) or 7.0 (FAT; all heifers except 2 were BCS 7; 1 was BCS 6 and 1 was BCS 8; Whitman, 1975) . At this point, heifers were then fed an energy-restricted diet until each heifer became anestrous. As each heifer was confirmed to be in anestrus, they were reassigned to receive a high energy diet in a step-up procedure until they were confirmed to resume estrous cycles. Details of these procedures, diets, and blood collection protocol to assess estrous cyclicity were outlined previously (Cassady et al., 2009) . A diagram of dietary management and blood collection protocol is provided in Figure 1 .
Blood Collection Protocol
Ten heifers in each treatment were brought in for blood collection at each determination, except for the collection at 44 d after initiation of repletion, at which 2 and 1 heifer in MOD and FAT treatments, respectively, had already recommenced estrous cycles. Blood collection windows were conducted on d 1 of each experimental period (preliminary, restriction, and repletion) and when heifers were confirmed to recommence estrous cycles (ESTRUS). In addition, in an attempt to characterize reproductive and metabolic status of cyclic heifers of 2 initially different BCS in a catabolic state, or acyclic heifers of 2 initially different BCS in an anabolic state, blood collection windows were conducted 43 or 44 d, respectively, into the restriction or repletion periods.
For cycling heifers, a 25-mg injection of PGF 2α (Lutalyse, Pfizer Animal Health, New York, NY) was administered intramuscularly 12 d before each projected blood collection, followed by a second 25-mg injection of PGF 2α 12 h before initiation of each blood collection window. This procedure was conducted to ensure that all heifers would be in late diestrus or early proestrus when blood samples were taken for LH analysis. Noncycling heifers were not treated before collection of blood for LH analysis. During the blood collection window, heifers were tethered in individual pens so they could stand or lie down but were denied access to water or feed. Blood samples (8 mL) were collected during a 6-h window beginning at 0900 h. After the blood collection window, heifers were untethered, returned to their pens, and allowed access to feed and water.
Blood samples were collected every 12 min during the 6-h window for LH determination. Blood samples were collected at 0, 3, and 6 h within each window to measure concentrations of additional metabolic hormones and metabolites [glucose, GH, IGF-I, NEFA, plasma urea nitrogen (PUN), β-hydroxybutyrate (β-HB), acetate, propionate, and butyrate]. Serum was harvested from blood samples that were allowed to clot at room temperature, refrigerated (4°C) overnight, and centrifuged at 1,200 × g for 15 min at 5°C the follow- Figure 1 . Experimental design depicting consecutive days (experiment days) and within period days (period days). Days to anestrus or estrus varied for each heifer; raw averages for each group represent reproductive event. Bold arrows denote blood collection, and thin arrows denote PGF 2α injection to cyclic heifers to synchronize stage of cycle. A step-up period to reintroduce feed for 29 d was applied to all heifers beginning d 1 of repletion. Repletion began after ascertaining anestrus via progesterone determinations (<1 ng/mL) for 3 consecutive weeks.
ing morning. Plasma was harvested from blood samples that were centrifuged at 1,200 × g for 15 min at 5°C immediately after collection. Plasma collection tubes were prepared by adding 0.1 mL of heparin (10,000 U/ mL; Fisher Scientific, Pittsburgh, PA) to each tube and placing them in a 60°C oven overnight. After centrifugation, all samples were transferred to 5-mL tubes and frozen at −20°C until assayed.
RIA
A heterologous, 5-d, double-antibody RIA procedure was used to measure LH concentration in serum (Niswender et al., 1969) . The LH used in the standard curve for this assay was NIH-LH-B10. Intra-and interassay CV were 7.4 and 19.0%, respectively. A homologous, 2-d, double-antibody RIA procedure was used to measure GH concentration in serum (Baumgard, 1998) , and values are expressed as nanograms of SV-3001-B (Pharmacia & Upjohn, Kalamazoo, MI) per milliliter of serum. Intra-and interassay CV were 7.9 and 14.4%, respectively. A heterologous, 2-d, double-antibody RIA procedure was used to measure IGF-1 concentration in serum (Frey et al., 1994) , and values are expressed as nanograms of H-5555 (Bachem Americas Inc., Torrance, CA) per milliliter of serum. All samples were analyzed in 1 assay with an intraassay CV of 6.6%. Insulin concentrations were analyzed with an RIA kit (Coat-A-Count, Diagnostic Products Corp., Los Angeles, CA). Intra-and interassay CV were 8.0 and 8.3%, respectively.
Metabolite Assays
Concentration of glucose in plasma was determined using an enzymatic kit procedure (Sigma Kit 510; Sigma Diagnostics, St. Louis, MO). Standards were prepared using the Glucose/Urea Combined Standard kit (Sigma Kit 16-11). Intra-and interassay CV were 3.7 and 7.81%, respectively. Plasma NEFA concentration was determined using a colorimetric procedure (Wako NEFA C Kit 994-75409E, Wako Chemicals, Richmond, VA) as revised by Sechen et al. (1990) . Intra-and interassay CV were 6.3 and 15.4%, respectively. Plasma urea nitrogen concentration was determined using a colorimetric enzymatic procedure (Proc. 535, Sigma). Intra-and interassay CV were 2.1 and 5.1%, respectively. Concentrations of β-hydroxybutyrate were analyzed using an enzymatic kit (Sigma Kit 310-UV) by the University of Illinois (Susan Farner, College of Veterinary Medicine, Urbana, IL). Samples were analyzed in 1 assay; control concentrations yielded no intraassay variation. Plasma acetate, propionate, and butyrate concentrations were determined in samples deproteinized with sodium tungstate, neutralized with sodium hydroxide, freeze-dried, and resuspended in 25% (wt/vol) metaphosphoric acid (adapted from Erwin et al., 1961) . Fatty acids were volatilized from this solution using an HP 6890 gas chromatograph, equipped with an HPInnowax 19091N-213 capillary column (Hewlett Packard, Palo Alto, CA). Oven temperature was held constant at 90°C for 2 min, ramped to 180°C over 11 min (10°C/min), and increased to 200°C for 1 min (20°C/ min). Injection temperature was maintained at 200°C in splitless mode, and the flame ionization detector was maintained at 250°C. Sample values were expressed as micromoles per milliliter of solution using the external standard WSFA-4 (Matreya Inc., Pleasant Gap, PA). Intra-and interassay CV were 6.5 and 10.2%, respectively.
Statistical Analyses
Patterns of LH secretion (mean concentration, pulse frequency, and peak amplitude) were determined via the Cluster Analysis program (Veldhuis and Johnson, 1986) . Pulses were determined by establishing a mean LH concentration for each 6-h period using t-values for 5% false positive rates on duplicates. A 1 × 1 (nadir/ peak) cluster size with t-values of 2.66 and 1.0 was used to determine nadirs or peaks, respectively. All hormone and metabolite data were analyzed as a repeated measures design in time (metabolic hormones and metabolite measurements taken thrice daily were averaged within day) using the MIXED procedure (SAS Inst. Inc., Cary, NC). Because some heifers regained estrous cyclicity before 44 d of repletion, 2 FAT and 3 MOD heifers had missing values at this determination. The statistical model used to evaluate treatment effects was
where T i = effect of initial body condition grouping; P j = effect of period of dietary manipulation; H k = effect of individual heifer variation; and E ijk = residual error term.
Because not all heifers had progesterone < 1 ng/mL on each blood collection determination, progesterone concentration on the day LH secretion characteristics were measured was used as a covariate in this model. Similarly, when initial measurements (restriction or repletion) were significantly different (P < 0.05) for hormone or metabolites, initial values were used as covariates in the model. Means are reported as least squares means and are separated using the PDIFF function of SAS.
RESULTS

Luteinizing Hormone
Results of serum LH analyses are presented in Figure 2 . Heifers from the MOD condition had greater concentrations of LH (ng/mL) at the initiation of the study (preliminary d 1; P = 0.02), at d 1 of restriction (P < 0.001), and at d 44 of repletion (P = 0.009); LH concentrations were similar between treatments at d 43 Whitman, 1975 ; solid bars) condition heifers in response to energy restriction and repletion. Blood collection days represent the first day of a preliminary period (before heifers were fed to reach their respective BCS, 7 or 5); d 1 and 43 or d 1 and 44 of an energy restriction and energy repletion period, respectively; and when they were confirmed to have resumed estrous cycles. Between treatments for a given collection, the symbols *, †, and ‡ represent differences at P < 0.05, 0.01, and 0.001, respectively. Within treatment, collection points with different letters (x, y, z) differ (P < 0.05). Whitman, 1975 ; solid bars) condition heifers in response to energy restriction and repletion. Blood collection days represent the first day of a preliminary period (before heifers were fed to reach their respective BCS, 7 or 5); d 1 and 43 or d 1 and 44 of an energy restriction and energy repletion period, respectively; and when they were confirmed to have resumed estrous cycles. Between treatments for a given collection, the symbols *, †, and ‡ represent differences at P < 0.05, 0.01, and 0.001, respectively. Within treatment, collection points with different letters (v, w, x, y, z) differ (P < 0.05).
of restriction, at anestrus (repletion d 1; P = 0.30), and at ESTRUS (P = 0.18). When compared with d 1 of restriction, LH concentrations were less at anestrus in FAT (P = 0.02) and MOD (P < 0.001) treatments and less at ESTRUS in MOD heifers.
Similar to LH concentration, heifers in MOD condition had greater initial LH pulse frequency (peaks/6 h collection period; P = 0.05) and LH peak amplitude (ng/mL; P = 0.03). Heifers in MOD condition also had greater LH pulse frequency at d 1 (P = 0.04) and d 43 of restriction (P = 0.002), and d 1 of repletion (P = 0.03). Moderately conditioned heifers also had greater LH peak amplitude at d 1 of restriction (P = 0.003) and d 44 of repletion (P = 0.002). At ESTRUS, LH pulse frequency (P = 0.26) and peak amplitude (P = 0.20) were similar between treatments. In response to energy restriction (d 1 of restriction vs. d 1 of repletion), LH pulse frequency and amplitude decreased (P < 0.05) in both MOD and FAT heifers, and then increased (P < 0.05) during energy repletion (d 1 of repletion vs. ES-TRUS) in MOD and FAT heifers.
Metabolic Hormones and Metabolites
Treatment did not influence concentrations of serum GH (Figure 3a) . Energy restriction increased GH concentration (P < 0.001), but concentrations returned to preliminary period concentrations after energy repletion (P = 0.21) and at ESTRUS (P = 0.83).
Concentrations of plasma IGF-1 (Figure 3b ) did not differ at preliminary (P = 0.61); however, after feeding to desired BCS, FAT heifers had greater (P = 0.005) IGF-1 concentrations than MOD heifers. Heifers in both groups had similar IGF-1 concentrations at anestrus (P = 0.91). After energy repletion and return to estrus, MOD heifers had greater concentrations of IGF-1 (P = 0.02). Energy restriction reduced (P < 0.01) and energy repletion increased (P < 0.001) concentrations of IGF-1 in MOD and FAT heifers. When compared with d 1 of restriction, IGF-1 concentrations in MOD heifers were greater (P < 0.001) at ESTRUS; in contrast, in FAT heifers, IGF-1 concentrations were less (P < 0.001).
Concentrations of serum insulin ( Figure 3c ) were less in FAT heifers on d 1 of preliminary (P = 0.05) but were greater in FAT heifers at d 1 of restriction (P < 0.001) and at anestrus (d 1 of repletion; P = 0.02). Concentrations of insulin were similar between treatment groups at ESTRUS (P = 0.76). Energy restriction decreased (P < 0.001) and energy repletion increased (P < 0.001) concentrations of insulin in MOD and FAT heifers.
Concentrations of tissue mobilization metabolites in plasma are presented in Figure 4 . On d 1 of the preliminary period, concentrations of NEFA (Figure 4a ; P = 0.51), PUN (Figure 4b ; P = 0.25), and β-HB (Figure 4c ; P = 0.40) were similar between treatment groups. During the preliminary period, MOD heifers experienced an extreme increase in plasma NEFA concentrations from 327 to 903 mEq/L, whereas NEFA concentrations did not increase (P = 0.59) in FAT heifers. Concentrations of NEFA, PUN, and β-HB were greater (P < 0.001) in heifers in MOD condition on d 1 of restriction. At d 43 of restriction, concentrations of these metabolites were different (P < 0.05) between treatments. Concentrations of NEFA (P = 0.004) and β-HB (P < 0.001) were greater in FAT heifers, but PUN was less (P < 0.001). At anestrus, concentrations of PUN (P = 0.58) and β-HB (P = 0.40) were similar between treatments, whereas NEFA were greater (P = 0.02) in MOD heifers. Once heifers resumed estrous cycles, concentrations of catabolic metabolites were similar (P > 0.26) between treatments. Energy restriction decreased NEFA (P < 0.001) and β-HB (P < 0.001) concentrations in MOD heifers but increased NEFA (P < 0.001) and PUN (P < 0.001) concentrations in FAT heifers and PUN concentrations in MOD heifers (P < 0.001). Energy repletion decreased NEFA (P < 0.001) and PUN (P < 0.001) concentrations in both treatments. Concentrations of β-HB in FAT heifers were not affected (P ≥ 0.24) with the exception of d 43 of restriction, which was greater than at other time points. At ESTRUS, NEFA (P = 0.28) and β-HB (P = 0.24) concentrations in FAT heifers were similar to d 1 of restriction, whereas in MOD heifers, NEFA (P < 0.001) and β-HB (P < 0.001) concentrations were less.
Treatment effects on plasma glucose and VFA concentrations are presented in Figure 5 . In preliminary samples, concentrations of glucose (Figure 5a ; P = 0.08), acetate (Figure 5b ; P = 0.07), and propionate ( Figure 5c ; P = 0.36) were similar between treatments, whereas initial concentrations of butyrate (Figure 5d ; P = 0.04) were greater in FAT heifers. Glucose concentrations were greater in FAT heifers on d 1 of restriction (P = 0.01), but were less in FAT heifers in d 1 of repletion (P = 0.03) and at ESTRUS (P < 0.001). Energy restriction reduced glucose concentrations in FAT heifers (P < 0.001) but did not affect glucose concentrations in MOD heifers (P = 0.52). Energy repletion increased (P < 0.001) glucose concentrations in MOD and FAT treatments. At ESTRUS, heifers in the FAT condition had reduced glucose concentrations (P < 0.001) and MOD heifers had greater glucose concentrations (P < 0.001) when compared with d 1 of restriction. No differences (P ≥ 0.05) due to treatment or energy restriction or repletion were observed for concentrations of propionate. Heifers in FAT condition had greater concentrations of acetate and butyrate on d 1 of restriction (P = 0.006 and P = 0.02, respectively), and on d 1 of repletion (P < 0.001 and P = 0.05, respectively), than those in MOD condition. At the onset of estrous cycles, acetate concentrations were greater in FAT heifers (P = 0.02), but butyrate concentrations did not differ (P = 0.54) between treatments. Energy restriction did not affect concentrations of acetate or butyrate (P ≥ 0.16), and energy repletion did not affect acetate or butyrate concentrations in FAT heifers (P = 0.09 and P = 0.28, Reproduction and nutrition Whitman, 1975 ; solid bars) condition heifers in response to energy restriction and repletion. Blood collection days represent the first day of a preliminary period (before heifers were fed to reach their respective BCS, 7 or 5); d 1 and 43 or d 1 and 44 of an energy restriction and energy repletion period, respectively; and when they were confirmed to have resumed estrous cycles. Between treatments for a given collection, the symbols *, †, and ‡ represent differences at P < 0.05, 0.01, and 0.001, respectively. Within treatment, collection points with different letters (w, x, y, z) differ (P < 0.05).
respectively) or butyrate concentrations in MOD heifers (P = 0.10). During energy repletion, acetate concentrations in MOD heifers increased (P = 0.02). At ESTRUS, acetate and butyrate concentrations had returned to similar (P ≥ 0.14) concentrations observed on d 1 of restriction.
DISCUSSION
Understanding the relationship of diet and nutritional status and their interaction with body condition to affect reproductive responses is essential to developing a more comprehensive management approach to nutrition and reproduction. The objectives of the study were to evaluate and describe effects of body condition on hormonal and metabolic profiles and how dietary energy restriction and repletion may influence changes in reproduction and hormonal and metabolic status.
In the present study, at or near onset of anestrus and at onset of estrous cycles, energy supply and body condition were similar (Cassady et al., 2009 ), but the time to anestrus was longer for FAT than MOD heifers. Similar observations were reported by others (Imakawa et al., 1984 (Imakawa et al., , 1987 Landefeld et al., 1989; Richards et al., 1989; Perry et al., 1991; Roberson et al., 1991 Roberson et al., , 1992 .
Numerous researchers have suggested that the secretion of LH is responsible for initiating estrous cyclicity after parturition (Short et al., 1972 (Short et al., , 1990 Dobson, 1978; Lamming, 1978; Foster and Olster, 1985; Butler and Smith, 1989) . In this study, at anestrus and ES-TRUS, LH concentration and LH peak amplitude were similar between treatments. Luteinizing hormone facilitates follicular development after the development of the dominant follicle (Yavas and Walton, 2000; Ginther et al., 2001) , and a surge of LH, in response to waves of GnRH released as a result of large amounts of estradiol being produced by the follicle, ultimately is responsible for ovulation (Kesner et al., 1981) . In response to energy restriction, concentrations of LH are reduced until heifers become anestrus, and there appears to be a threshold where concentrations of LH are insufficient to support cyclicity. Concentrations of LH in ovariectomized heifers challenged with GnRH decreased in response to energy restriction in heifers of BCS 7, but not in heifers of BCS 4 (Roberson et al., 1992) . In addition, after energy restriction, energy repletion induced increases in LH concentration and amplitude, which stimulated resumption of estrous cycles. Interestingly, heifers in MOD condition responded to energy repletion faster (greater LH concentration at d 44 of energy repletion), Whitman, 1975 ; solid bars) condition heifers in response to energy restriction and repletion. Blood collection days represent the first day of a preliminary period (before heifers were fed to reach their respective BCS, 7 or 5); d 1 and 43 or d 1 and 44 of an energy restriction and energy repletion period, respectively; and when they were confirmed to have resumed estrous cycles. Between treatments for a given collection, the symbols *, †, and ‡ represent differences at P < 0.05, 0.01, and 0.001, respectively. Within treatment, collection points with different letters (w, x, y, z) differ (P < 0.05).
although LH concentrations were similar between treatments at the resumption of estrous cycles.
The resumption of LH pulsatility is a prerequisite for the resumption of ovulatory cyclicity in postpartum cows (Peters et al., 1981; Humphrey et al., 1983) . In this study, LH pulse frequency increased slightly in FAT heifers but not in MOD heifers early during energy restriction, but then was decreased significantly until anestrus was achieved in both treatments. Similar results concerning factors leading to increased LH frequency in response to moderate energy restriction have been presented with ovariectomized females challenged by a GnRH injection (Roberson et al., 1991 (Roberson et al., , 1992 . Increased clearance of steroid hormones or reduced steroid hormone production by the corpus luteum of energy-restricted females may lead to reduced negative feedback in the hypothalamus (Villa-Godoy et al., 1990; Schrick et al., 1992) , thus affecting LH response. In addition, at anestrus, LH pulse frequencies were actually greater in MOD heifers, but increased in both treatments until similar at resumption of estrous cycles. Based on this, it would appear that a fatter body condition may result in heifers being less sensitive to LH peak amplitude at initiation of anestrus.
Changes in metabolic hormone status are indicative of the changing metabolic and, in some cases, nutritive status (Lucy, 2003) . The responses in anabolic hormones (GH, IGF-1, and insulin) did not appear to be dependent upon initial BCS, but rather responded to dietary manipulations, regardless of treatment. Growth hormone exhibited the most benign response, with no difference between treatment groups; the only difference was an increase at anestrus and subsequent decrease in concentrations during energy repletion. Similarly, heifers exposed to a negative dietary energy balance had elevated concentrations of GH (Granger et al., 1989; Lapierre et al., 2000) . Level of ME intake was inversely related to concentrations of GH in postpartum cows (Roberts et al., 2005) . Lake et al. (2006) reported that postpartum cows with reduced body condition had greater concentrations of GH, and although we did not find a statistical difference in the present study, GH tended (P = 0.10) to be greater in MOD heifers at d 1 of restriction than those heifers in the FAT condition.
Concentrations of GH at all other time points were similar across treatments.
A positive correlation was previously reported for energy intake and concentrations of IGF-1 (Bossis et al., 2000; Rausch et al., 2002) and insulin (Vizcarra et al., 1998; Bossis et al., 2000; Lapierre et al., 2000) , which is in agreement with the results of this study. Concentrations of IGF-1 and insulin decreased during energy restriction to anestrus and then increased during energy repletion until resumption of estrous cycles. It has been theorized that elevated concentrations of IGF-1 are indicative of superior nutritional status (Lalman et al., 2000) . Cows that had greater BCS had greater concentrations of IGF-1, but BCS did not influence plasma insulin concentrations (Lake et al., 2006) . When concentrations of glucose are adequate, insulin can stimulate the release of GnRH (Arias et al., 1992) ; however, in the absence of glucose, elevating insulin did not have an effect on circulating concentrations of LH (Dhuyvetter and Caton, 1996) . In addition, insulin can interact with GH to control hepatic IGF-1 production (McGuire et al., 1995; Molento et al., 2002) . Postpartum cows with reduced concentrations of plasma insulin failed to ovulate the first dominant follicle (Sinclair et al., 2002) ; those authors speculated that the follicle may not be responding to the surge of LH. Insulin can also be a modulator of estradiol synthesis in the ovary (Spicer and Echternkamp, 1995) , which in turn signals LH production (Kesner et al., 1981) . During times of adequate nutrition, GH regulates IGF-1 secretion (Thissen et al., 1994; Roberts et al., 1997) , but as nutrition status drops, GH concentrations increase and IGF-1 concentrations decrease, uncoupling this regulatory process. The reduction of dietary energy appears to decrease GH receptor activity, which results in reduced liver synthesis of IGF-1 (Thissen et al., 1999) . Concentrations of IGF-1 have been directly linked to the resumption of estrus in postpartum cows (Roberts et al., 1997) . Concentrations of IGF-1 affect age at puberty (Granger et al., 1989) and are associated with the length (Roberts et al., 2005) and onset of anestrus (Bossis et al., 2000) . Several reports have indicated that IGF-1 enhances ovarian response to FSH and LH, and IGF-1 stimulates follicular growth (Spicer and Stewart, 1996; Armstrong et al., 2001) .
Responses of hormones generally associated with anabolic activity (IGF-1 and insulin) and by glucose were dependent on initial body condition grouping. However, when further evaluating this response as anabolic (elevated concentrations of IGF-1, insulin, and glucose, and reduced concentrations of GH, NEFA, PUN, and β-HB) or catabolic activity profile (reduced concentrations of IGF-1, insulin, and glucose, and elevated concentrations of GH, NEFA, PUN, and β-HB), it is evident that metabolic and hormonal changes were rather dependent on the dietary manipulation heifers were exposed to and what initial manipulation they had experienced within the time frame of this study, rather than initial body condition grouping. Thus, heifers in MOD condition responded to dietary manipulation to maintain BW with reduced concentrations of glucose, insulin, and IGF-1, a tendency for greater GH concentrations, and elevated concentrations of NEFA, PUN, and β-HB, relative to heifers in FAT condition measured at the beginning of restriction. This profile was observed in heifers in FAT condition only until they were exposed to restriction for 43 d. Indeed, statistical comparisons of glucose, insulin, GH, IGF-1, NEFA, PUN, and β-HB concentration in heifers in FAT condition at d 43 of restriction with those in heifers in MOD condition at d 1 of restriction revealed that these concentrations did not differ (P > 0.10). When heifers were anestrus, concentrations of GH, IGF-1, PUN, and β-HB did not differ between treatments; this further demonstrates that this catabolic profile responds to energy status rather than body composition. When heifers were anestrous, insulin concentration was less, and those of glucose and NEFA were greater, in MOD condition heifers. This response may reflect the time difference for heifers in the 2 condition groups to become anestrous; heifers in MOD condition would have been experiencing a greater catabolic response.
When heifers were exposed to energy repletion for 44 d or when they had resumed estrous cyclicity, concentrations of GH, insulin, NEFA, PUN, and β-HB were similar between condition groups. This was expected because heifers were exposed to repletion for similar amounts of time before each measurement was taken.
When evaluating the metabolic profile of heifers and their respective reproductive profile and LH secretion characteristics, especially when measured on d 43 of restriction or d 44 of repletion, it is apparent that mechanisms that sustain or elicit reproductive function of the hypothalamic-pituitary-ovarian axis lag behind mechanisms that are activated to sustain life or support growth. Thus, cyclic females are capable of sustaining reproductive function in spite of a severe energy restriction, with the sustainability of reproductive function being dependent on initial body condition. Similarly, once reproductive function is stopped, beef females will not reinitiate reproductive function in spite of intensive energy repletion until a certain combination of factors, as yet unknown, results in resumption of estrous cycles. Inferences to permissive rather than causative role of anabolic hormones or glucose were made in an extensive review of nutrition and reproduction (Hess et al., 2005) . Our findings in this study are consistent with that observation.
The metabolic and reproductive response by heifers of differing body condition to energy restriction and refeeding are dependent on length and intensity of the restriction or repletion. Initial body condition alters the initial point at which the continuum for events leading to anestrus is accessed. Secretory characteristics of LH appear to be highly dependent on energy status (the combined influence of energy intake and body condition). Metabolic mechanisms leading to cessation or reinitiation of pulsatility and release of LH lag behind those activated to sustain life or growth. These mechanisms seem to be activated gradually, and initial body condition affects the period of time females can remain cycling in spite of severe energy restriction.
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